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Most studies on blast explosion focus on a single technique or software. This
Thesis directly compares several methods of simulating blast loads using LS-DYNA,
ABAQUS and CTH software. The techniques appraised in this thesis include; JonesWilkins-Lee (JWL) equation of state (EOS), spherical incident wave formulation, and a
direct planar blast load application. In the first section of this study, we analyzed a free
air-blast generated by detonating 100 g of composition-4 (C-4). Next, we placed and
examined the lower extremity model under the same blast parameters in different coupled
and uncoupled scenarios. In the free air-blast study, all three codes gave similar results.
The peak over pressure from ABAQUS was the closest in value to the experimentally
measured data. In the second section, the JWL EOS method consistently produced
higher-pressure response in the lower extremity elements compared to the other methods
implemented.
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CHAPTER I
INTRODUCTION

Introduction
Anti-personnel (AP) landmines are mines designed specifically for use against
humans. As opposed to Anti-tank landmines that are designed for vehicles. These
indiscriminant weapons can still pose a threat, years after the end of conflict. There is an
estimate of over eighty million active mines in more than seventy countries. Over one
million people have either been killed or maimed by AP landmines since 1975. These
explosives are not only dangerous but also expensive to remove[1]. The clinical
experience of Coupland [2] indicated that primary injuries related to landmines occurred
in the foot, ankle and lower tibia[3]. Understanding the potential mechanisms of injury in
the lower extremity will greatly aid in the management of blast-injured patients, and in
the creation of better protective devices for military soldiers.

8

Figure 1

Distribution of countries, as of August 2011, that still struggle with mine
pollution[4].

Aim and Objective
Several methods of load blast application, and software packages have been used
to analyze blast loading on different types of structure. The aim of this thesis was to
examine different methods of applying blast loads using LS-DYNA, ABAQUS and CTH.
Based on the results, determine the best technique and software to use for blast analysis
on the lower extremity.
In the first part of this thesis, we modeled a free air-blast in all three codes using
JWL-EOS, and validated the results against experimental data provided by Alia et al[5].
In the second section, we placed the lower extremity under blast conditions from the first
section. Uncoupled and coupled techniques available in LS-DYNA and ABAQUS codes
were used to model the blast simulation on the lower extremity.
9

CHAPTER II
LITERATURE REVIEW

Lower Extremity
In this study, we examined a finite element model of the human lower extremity
from the knee to the foot. The human foot is a highly complex biomechanical structure
comprised of 26 bones, 33 joints, and over 100 muscles, tendons and ligaments. Its
function is to support the weight of the body and provide means for locomotion.
Structurally, the foot is divided into three main parts: the forefoot, midfoot and hindfoot.
The forefoot includes the phalanges (five toes), and metatarsals (five longer bones)[6]. It
bears about 50% of the body weight. The midfoot is made up of five irregular bones the
cuboid, navicular and three cuneiform bones. These bones along with their connective
tissue -called plantar fascia- form the arches of the foot and acts as shock absorber. The
hindfoot is comprised of the talus (anklebone) and the calcaneus (heel bone, which is the
largest bone in the foot). The top of the talus connects to the two long bones of the lower
leg, which are the tibia and fibula[7]. The tibia is the larger of the two bones and is the
second longest bone in the body. Commonly referred to as the shinbone, the top of the
tibia connects to the bottom of the femur at the kneecap. It is the weight bearing bone
and is located towards the middle of the lower leg. The fibula runs along side of the tibia,
and is located on the lateral side (outside edge) of the lower leg[8]. The three main
muscles in the lower leg which includes the two gastrocnemius muscles and the soleus
10

muscle make up what is known as the calf muscles. They are the most powerful muscles
in the leg. The gastrocnemius muscle in the calf is connected to the calcaneus (heel bone)
by the achilles tendon located in the lower leg. The last main muscle in the leg is the
anterior tibialis, located in the front lower leg near the shin. In the finite element model
being used has been described here in great detail [9]

Figure 2

Bones of lower extremity[10].

Blast Injuries
The lower extremity is the most commonly injured part of the body due to blast
exposure. Lower extremity injuries represent at least 54% of all combat injuries [11].
This can be attributed to the fact that the lower extremities are in direct contact with the
ground[11]. It should also be noted that the part of foot closest to the detonation
influences the outcome of the injury. For example, a blast that detonates under the heel as
opposed to underneath the toe, display different injury characteristics[12]. Blast injuries
11

are caused by a direct result of the compression wave that is released upon dissipation of
energy also known as the over pressure[12-15].
Pathophysiologically, blast injuries are divided into four main categories:
primary, secondary, tertiary, and quaternary or miscellaneous. Primary injuries are caused
by the direct effect of blast overpressure or shock wave and results in both internal and
external injuries. Objects that transform into flying projectiles because of the blast cause
secondary injuries. This is responsible for the most casualties, and like primary injuries
can be fatal. Tertiary injuries are a result of the victim being thrown on the ground or
against an object due to the blast. This can also led to severe types of injuries such as
amputations and fractures. Finally, Quaternary injuries include all other injuries such as
respiratory injuries and burns[16, 17].The short duration of the blasts makes it difficult
for the exact injury mechanism to be known. The propagation, reflections, and
interference of the shockwave through the different tissues in the foot have been given as
a suggestion[18]. The two main lower extremity injuries include compartment syndrome
and traumatic amputation. Further research needs to be conducted in order to discover the
exact value or measurement of blast pressure that cause these injuries. Although several
experimental studies have been performed to understand blast injuries, computational
analysis related to the impact of blast wave on the lower extremity have been limited[19].
Thus, we propose to provide insight into the different mechanisms that can be used to
investigate the blast explosions on the lower extremity using the finite element method
Finite Element Models (FEM)
A finite element model is needed in order to perform relevant blast related
computational analysis on the lower extremity. Numerous finite element model of the
12

lower extremity have been developed for different objectives. From the simplified model
developed by Yinglei Lin et al to study contact pressure in sportswear[20]; to a
Simplified (surrogate) Lower Leg (SLL) with appropriate biofidelic response to evaluate
landmine protective footwear[21]. However, the automobile industry has developed the
most finite element lower extremity models [9, 22-26]. Therefore, most injury criteria are
based on the automobile industry’s standards. This is problematic because not only are
their criteria much lower than the pressures and forces experienced during blast events,
they are designed for time scales encountered in automotive crashes. The time scale of
blast events are of a much shorter duration[27]. Whereas the time scale for automobile
accidents occur a milliseconds, blast time scale is of the magnitude of microsecond.
These criteria, which are based on live human testing, cadavers and surrogates, have
multiple disadvantages[9]. For live humans testing, the amount of load or pressure
applied is severely limited to prevent harmful injuries to the test subjects. In addition,
they can be experimentally costly and produce large amounts of variability in data.
Similarly, cadaver testing is also expensive and likely to be skewed towards the older
demographic. Finally, the challenges of using a surrogate model arise in building a cost
effective device that accurately represents both the mechanical and material properties of
the human tissue. Development of a finite element blast model is therefore necessary as it
offers both reproducible and cost effective test methods.
Previous Work
Several finite element analyses (FEA) have been conducted to study air blast
explosions. Wang, J. in 2001 [28] used LS-DYNA software to simulate an ALE
explosion in soil and air. Their model consisted of 100 g of composition-4 explosive
13

placed on the surface of soil and buried to a depth of 3 cm. The results obtained agreed
reasonably with the established landmine explosion experiment performed by Bergeron,
D. et al[29] . Wang found that LS-DYNA under-predicted the overpressure and over
predicted the impulse for the different cases examined. Vladislav et al [30] studied the
effects of air blast waves generated by cylindrical TNT charges ( 25 g and 50 g). They
confirmed LS-DYNA as a powerful and useful tool for blast modeling. The comparison
of their result to original experiment performed at the Military University of Technology
in Warsaw verified Jones-Wilkins-Lee (JWL) and ideal gas equation of state (EOS) as
good methods to describe the physics of high detonation and the expansion of air. In 2005
Wolff et al Conducted landmine blast on four cadaveric lower extremities -3 fitted with a
Koflach boot incorporating TABRE (Technology for Attenuating Blast Related Energy)
with charges of up to 100 g of TNT. Results showed that it could be possible to salvaged
limb from up to 100 g of TNT. Also, that the development of protective footwear against
landmine blast is feasible [31]. In 2010, Chris Mougeotte et al [32] explored the newly
incorporated Coupled Eulerian-Lagrangian (CEL) capability in ABAQUS. They found it
provided additional insight into blast deflections and interaction with blast armor panels.
Landmines
AP landmines are victim-actuated weapons that are filled with explosives. Since
the first modern mechanically fused landmine was created in 18621 they have become
widely used and effective weapons mainly due to their low cost and ease of use. Their
main use involves denying access to a restricted area and hindering the progress of

1

http://www.policyalmanac.org/world/archive/landmines.shtml
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adversaries on land. AP mines can be divided into two main categories: fragmentation
and blast mines. Fragmentation mines disperse high velocity fragments that travel
hundreds of meters, and are usually lethal. The common mode of activation for
fragmentation mines is through the application or relieve of tension to a trip wire. Blast
mines on the other hand, mainly injure and maim the lower extremities of its victim
through the disruptive overpressure and impulse released upon detonation. It can also be
lethal. Blast mines are mainly pressure activated and can be found on the surface or
buried in the soil. They, like Fragmentation mines, are able to remain operational for
decades. A survey conducted by the United States during a humanitarian mine clearance
operations showed that 79% of all blast injuries were from AP mines. Of that number,
83% were caused by blast mines[12]. We will be further examined AP blast mines for the
purpose of this research since it is responsible for a disproportionate amount of injuries.
Explosions
An explosion is a process where rapid increase in volume and release of energy
creates a pressure wave. They can be divided into two categories, detonations and
deflagrations. The detonations have a supersonic reaction zone while deflagrations have a
subsonic reaction zone. Materials that detonated are referred to as “high explosives”
(HE), while materials that deflagrate are “low explosives”. AP landmines fall under the
category of detonations.
Detonations of explosives involve chemical reactions that cause the detonated
products to heat and expand. When a blast mine is activated, a detonation wave
consisting of hot temperatures (3000 to 5000 K) at high velocities and pressures (4 to 9
km/s and 0.1-0.2 Mbar respectively) travel through the explosives in the mine[18].
15

Chemical reactions convert the explosive into hot gases and sustain the detonation wave
until it reaches the mine casing. This process takes only about five microseconds to
occur. The force becomes a huge compression wave that is quickly transferred from the
mine casing into the surrounding medium. The characteristics of the detonation wave are
dependent on the type of explosive used, its mass, the casing used to enclose the
explosive, the standoff distance, and reflections due to interactions with the ground or our
structures.
Air Blast Waves
When a HE detonates, it generates a pressure front. The shock wave generated
instantaneously causes the ambient pressure to increase to the peak over pressure
(maximum pressure or incident pressure). As the shock propagates away from the blast,
the pressure then decreases, as a function of time and distance. The pressure continues to
decay exponentially to drop past the ambient temperature creating a negative phase.
During the negative phase, a partial vacuum is created. Finally, the pressure increases
back to the ambient pressure.

Figure 3

Typical pressure-time curve for an ideal free air blast wave [33]
16

The pressure at a known point can be found using the modified Friedlander
equation, which is used to characterize the positive phase of the wave. It is important to
note that most blast studies ignore the negative phase of the blast, so only positive phases
are included[34-36].

(1)
Where ps is hydrostatic or incident pressure, pmax is the overpressure, td is the
duration of the positive phase, ta is the arrival time, and b is the time constant of pressure
wave form. Friedlander equation is only valid if the blast wave is at a distance greater
than ten charge radii[37]
The incident impulse wave from the blast is given by:

(2)
Air blast phenomena can be divided into three main categories: Free air blast, ground
reflection effects and surface air burst.
In free air-blast, the incident wave moving radially from the point of explosion
arrives at the structure before encountering any interference that might cause a
reinforcement of the waves.
The incident wave is reinforced by reflections cause by interaction with the
ground. This produces two types of response: classical or reinforcement reflection. In the
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reinforcement reflection, a mach font is produced through interactions of the incident and
reflected wave. It has a critical angle of about 40˚.
Surface burst occurs when the detonation of explosive occurs either on or close to
a surface. The incident and reflected wave merge to form a single reinforced wave that is
hemispherical in nature.
When reflections occur, the pressure of the reflected wave can be up to eight
times greater than the over pressure if the medium encountered is a rigid obstacle.
Analysis conducted by Smith & Hetherginton indicates that the reflection coefficient CR
is bounded[38].

(3)
The effect of the reflection depends on the geometry, size, and angle of incidence. Setting
the γ to 1.4 (the ratio of specific heats of air). The reflected over pressure becomes

(4)
The combined effect of the incident and reflected pressure (reinforced pressure) can be
calculated with the following equation.

(5)
These equations were formulated from relationships derived by curve fitting
pressure measurements from experiments 39 . Where p t is the combined or
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reinforced pressure, pi is the incident pressure, pr is the reflected pressure, and θ is
the angle of incidence.
Scaled Distance and Cube-Root Scaling
Performing a full-scale blast test can be very intensive and expensive. It is
therefore more convenient to use already available data when possible. Several blast
wave data plots based on empirical data can be founded in literature. The parameters of
the curves are written in terms of a scaled distance (Z). Where D is the distance to the
charge and W is the charge’s mass.

(6)
All landmines contain high explosives (HE). Some common HE found in AP mines
include TNT (Trinitrotoluene), Compositon B, or phlegmatized RDX. A method called
TNT equivalence is used to quantify or characterize almost all explosives. This method
involves comparing the energy released by different explosive to an equivalent amount of
TNT. 1 kg of TNT is known to release 4.184 MJ of energy. There are several ways to
calculate this equivalency. One method involves scaling the Chapman-Jouget (CJ)
detonation speeds.

(7)
Where M is the mass of the chosen explosive and CJ is its detonation speed.

is the

equivalent mass of TNT and CJTNT its detonation speed. Another method involves using
the ratio of heats of detonation Hd[40]
19

(8)
According to Baker et al (1983) The Cube-Root Scaling equation given below can
be used to relate the blast profile of two explosive of the same type detonated in a similar
environment.

(9)
Where R is the distance from the charge, t is the time, I is the impulse and W is the mass
of the charge. For a given range (R1) and charge mass (W1), the same wave profile
(pressure history) can be replicated using a charge mass of W2 at distance R2.
Numerical Solvers
Explosions, like all physical systems, are bound by physical laws, and can
therefore be numerically expressed using the conservation of energy, momentum, and
mass equations. The Chapman–Jouget (CJ) equation expresses the simplest detonation
theory
(10)
Where D is the detonation wave front velocity, c is the speed of light and u is the particle
velocity[41]. The Chapman – Jouguet theory describes the detonation wave as a onedimensional discontinuity with an infinite reaction rate. This theory is explained in detail
by Ficket et al [42]
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Several numerical solvers are utilized in finite element software. The three types
that will be addressed in this study are the lagrangian, eulerian, and arbitrary lagrangian
eulerian (ALE).
A lagrangian solver is suited for simulating solids because the mesh and the
material are tied to together, as a result the mesh deforms with the material. A major
drawback of this solver is the severe deformations that can occur. Deformations of this
nature can significantly reduce the time step of the calculation, thereby significantly
increasing the computational time, and can lead to inaccurate calculation.

Figure 4

Lagrangian Solver [43]

In an eulerian solver the mesh is fixed in space, while the material flows through
it. This eliminates the distortion problem associated with lagrangian solvers. It is
therefore useful in modeling a material that experiences a great amount of deformation,
especially fluids. Its major disadvantage lies in the additional computational time and
memory required to solve the advection step, and the smaller mesh size necessary for
accuracy.

21

Figure 5

Eulerian Solver [43]

ALE solver is the best of both worlds. It is a combination of both lagrangian and
eulerian methods, and can range from purely lagrangian to purely eulerian depending on
the type of problem. It is very useful when modeling fluid-structure interactions. The
material deforms in the first step (Lagrangian step). The mesh is then smoothed out and
material flows between elements in the second step also known as the advection step
(Eulerian step). This is method is preferred over pure eulerian because the advection is
minimized and so it energy dissipation and computational time, because the element is
allowed to deform[43]. Multi-Material ALE (MM-ALE) uses the same formulation as
ALE and allows several materials to be present, and tracked, in an element. It has been
found the ALE techniques can be used to accurately represent close-proximity blast
events[3].
Modeling of Explosives
An important aspect of an equation of state is a thermodynamic equation that
defines all equilibrium states that can exist in a material. More specifically, it relates the
energy, pressure and volume of a material to each other.
The widely used EOS for modeling high explosives is the Jones-Wilkins- Lee
(JWL) EOS, mainly because of its simplicity. JWL EOS has been implemented by
22

several codes such as LS-DYNA, ABAQUS and CTH. It is used in conjunction with high
explosive burn material to model the internal force function and the energy of the
explosive. JWL EOS is the analytical formula for the EOS of explosive detonation
products. Developed at the Lawrence Livermore National Laboratory (LLNL) by fitting
experimental data and does not describe unreactive explosive. The JWL is defined in LSDYNA theory manual [44] as

(11)
Where ω, A, B, R1, and R2 are user defined input parameter V, is the relative volume, and
E is the internal energy per initial volume.
Linear Polynomial EOS was used to describe the states for air. This EOS is linear
in internal energy and is given in LS-DYNA theory manual [44] as

(12)
where µ is defined as

(13)
Where V is the relative volume, C0, C1, C2, C3, C4, C5, and C6 are user defined constants.
Modeling a gas using the gamma law equation of state can be achieved by setting:

(14)

23

Where

is the ratio of specific heat. The pressure is given by the equation below where E

is in units of pressure

(15)
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CHAPTER III
METHODS

Air-blast
In this simulation, we examine the detonation of 100 g of Composition-4 (C-4)
explosive in free air. We chose this parameter because it is commonly used in studies
related to AP landmines [13]. The air-blast simulation is explicitly modeled using LSDYNA, ABAQUS, and CTH codes. The following section documents the modeling
process and parameters used for each code.
LS-DYNA
LS-DYNA explicit is a general purpose multi-physics finite element program
developed by the Livermore Software Technology Corporation (LSTC). It is capable of
simulating highly complex real world problems, and has been validated for modeling
blast simulations. We developed the air-blast mesh geometry with LS-PrePost v4.0, and
analyzed it with LS-DYNA v971d R.6.1.0 explicit code. A Linux workstation platform
was used for all data analyzes and calculations.
The air-blast geometry consists of two parts, the HE (C-4) and the air. We
modeled both parts as two concentric spheres, with the inner mesh representing the HE
part and the outside mesh representing the air. The first reason for choosing the spherical
geometry was to mimic previous air-blast simulations in order to make accurate
25

comparisons. Secondly, a pressure wave originating from a point source is spherical in
nature and therefore propagates more fluidly when the mesh lines are parallel and
perpendicular to the direction of wave. We used hexahedral ALE multi-material elements
to model both parts. This element type provides accurate results, while preventing
excessive mesh deformation. The symmetric nature of the problem allowed us to model
only an octant of the air-blast geometry. Figure 6 depict the model with the necessary
symmetry conditions on the three cutting planes.

Figure 6

Air-blast octant mesh geometry detailing the location of non-reflective
boundary condition and symmetry condition.

The C-4 had an initial density of 1.6 g/cc. This density corresponds to a sphere
with a radius of 2.46 cm. 39 elements spanned the radius of the C-4, which was sufficient
to meet the advised 16 elements needed to adequately build up the detonation pressure
during the explosive burn process[5]. The radius of the air was 200 cm in order to reduce
boundary reflections, which would interfere with the results. To minimize further
26

reflections, we placed a non-reflective boundary condition on the outside surface of the
air (see figure above). The air and the C-4 model had a one to one node match at their
interface boundary. This permitted the merging their common nodes to be a sufficient
contact definition. Wang et al [28] endorsed merged boundary nodes as the most reliable
and economic way to simulate contact between the two parts.

Figure 7

Mesh of air-blast model developed using LS-PrePostv4.

The explosive material is shown in red, surrounded by air elements, which are shown in
green.
For the material models, the keywords *MAT_HIGH_EXPLOSIVE_BURN and
*JWL_EOS were utilized in modeling the explosive, while *MAT_NULL and
*LINEAR_POLYNOMINAL (ideal gas-gamma law) EOS keywords were used for
modeling the air. We initialized the free surface (outside) of the air mesh to atmospheric
pressure (1.013E-4 GPa) using the keyword *Control_ALE. The modified Van Leer
scheme selected for the advection step was also specific using the control ALE keyword.
27

Table 1

Equation of state parameters for C-4 and air used in the LS-DYNA model
A (Mbar)
B (Mbar)
R1
R2
E(Mbar)
Ω
Vd (cm/µs)
ρ(g/cm3)
PCJ(Mbar)
γ
Eo(Mbar)
ρo (g/cm^3)

C-4 Parameters

Air Parameters

6.098
0.13
4.5
1.4
0.09
0.25
0.8193
1.6
0.28
1.4
2.5e-6
1.23e-3

We placed a tracer marker at point (53.14, 53.14, 53.14) cm, approximately 92 cm
diagonally from the point of detonation (0, 0, 0) cm to monitor the pressure-time history
at that fixed location. This position was chosen based on calculation using the Cube-Root
Scaling equation shown below in order to correlate the simulation results to the
experimental data documented by Alia and Souli [5]. The experiment involved 454 g (1
lb) of C-4 detonated in air pressure history obtained at 152.4 cm (5 ft) from the
detonation point.

(16)
Where R is the distance from the charge, t is the time, I is the impulse and W is the mass
of the charge. For the stated experimental mass and range (454 g and 152.4 cm
respectively), the same wave pressure profile will be replicated by 100 g of C-4 at
approximately 92 cm from the detonation point. The total duration of the simulation
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lasted for 5 ms. A mesh refinement study was conducted to ensure that the mesh model
used converged to a solution.
ABAQUS
ABAQUS/explicit is a finite element analysis and computer aided engineering
software package. We used ABAQUSv6.11 for the analysis in this section. The same airblast mesh model developed in LS-PrePost was used for the ABAQUS model.
HyperMesh2 v6.11 converted the LS-DYNA input file (.k) of the air-blast mesh geometry
into an ABAQUS input file (.inp). Using the same mesh model reduced mesh-biased
variances in results, and maintained consistency in the mesh spacing. We however
extended the radius of the air mesh model to 400 cm. This reduced reflections at the air
boundary despite the inclusion of non-reflecting boundary conditions in ABAQUS. The
JWL and ideal gas EOS were used as the material properties for the HE and air model
respectively. ABAQUS implements JWL through a programmed burn method. This
means that the initiation time of the explosive is determined by a geometric construction
using detonation wave speed and the distance of the material point from the detonation
points instead of by the shock propagation in the material[45]. The air and C-4 were
modeled using eulerian elements EC3D8R, which is the only element type available for
eulerian modeling in ABAQUS. The default for the hourglass associated with the element
type used was preserved, along with the default second order advection step. Some
additional material parameters needed for the ideal gas EOS model in ABAQUS are
listed below.

2

HyperMesh is a high preformance finite element preprocessor.

29

Table 2

Additional material parameters of air.
Air Parameter
Specific Heat (N-cm/g K)
100.5
Gas constant (N-cm/g K)
28.7
Dynamic Viscosity (Mbar - 1.81e-10
µs)
Ambient Pressure (Mbar)
1.013e-6
Absolute Temperature (K)
0

The same symmetry and boundary conditions applied to the air-blast model in LSDYNA were applied in the ABAQUS model.
CTH
The final code used for the air-blast simulation was CTHv9.1. CTH, is a
hydrodynamic code developed by Sandia National Laboratory capable of modeling a
wide range of shock wave propagation. It solves the necessary conservation equations in
two steps similar to the methods used in LS-DYNA and ABAQUS. First is the lagrangian
step, followed by a eulerian remapping step. The Van Leer fully second-order accurate
advection scheme was used by default for the remap algorithm.
Once again, we used the JWL EOS formulation to model the C-4 material
property in the form of a programmed burn model. The programmed burn model
(HEBURN) used in CTH propagates the detonation wave at a given velocity from
specified initiation points. The JWL formulation also contains a low temperature
correction, which forces the pressure and energy to zero at ambient density and
temperature. A self-contained EOS model called SESAME modeled the air properties.
Sesame is a tabular option that provides a lookup approach. It gives a better
approximation or relation among thermodynamic states than an analytical equation[46].
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Table 3

Default parameters of C-4 used in CTH
A (Mbar)
B (Mbar)
R1
R2
E(Mbar)
Ω
Vd (cm/µs)
ρ(g/cm3)
PCJ(Mbar)

C-4 Parameters
6.0977
0.1295
4.5
1.4
0.09
0.25
0.81929
1.601
0.2799

Similar to the models previously used, two concentric spheres defined by their
material positions, described the part models in CTH. Painstaking care was taken to
ensure the same mesh spacing used for the CTH model was the same used for the LSDYNA and ABAQUS air-blast model. All three-plane surfaces had a symmetry boundary
condition (type 0). In addition, we placed a transmitting boundary condition (type 2.1) on
the outside surface to prevent mass from flowing into the mesh. This boundary condition
is similar to the non-reflecting boundary condition used in LS-DYNA and ABAQUS.
Coupled Model
In this section, we explicitly simulate the explosion of the lower extremity mesh
model. This method requires a Coupled-Eulerian Lagrangian (CEL) setup, which allows
models the interaction between stiff (lower extremity) and highly deformable material
(air and explosive). The remainder of this section will address how this procedure was
accomplished in LS-DYNA and ABAQUS respectively. CTH is excluded from further
sections because it is currently only capable of handling eulerian elements.
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Lower Extremity Human Model
The lower extremity mesh model used for the simulation was imported into LSDYNA and ABAQUS from Simpleware. Simpleware is software package, capable of
converting 3-D image data into finite element models. We obtained the CT scan of the
leg used in Simpleware from the National Library of Medicine’s Visible Human Male.
The process of converting the scan into a FE model has been detailed here [9]. Elastic
materials applied to lagrangian elements were used to model the lower extremity. The
table below lists the material properties used for the different parts in the lower extremity
model.
Table 4

Material properties for the lower extremity

Material
Bone
Skin
Muscle

Density(kg/mm3)
2.0E‐6
1.1E‐6
1.04E‐6

Elastic Modulus (GPa)
15
0.11
0.0167

Poisson’s Ratio
0.23
0.49
0.42

LS-DYNA
The mesh model for this section includes the lower extremity, air and explosive.
The lower extremity was modeled as a lagrangian part, while the air and explosive were
modeled using the ALE multi-material formulation. The lower extremity used was
encased in a hemisphere comprised of air material. We generated the hemisphere by
reflecting the air-blast model used in the previous section across the x and y-axes and
deleting all duplicated nodes. Due to the symmetric nature of the problem, we modeled
only half of the air and explosive, with the aid of the requied symmetry conditions. We
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placed imposed a non-reflective boundary condition on the free (outside) surface of the
air mesh, and initialized the air region to atmospheric pressure.

Figure 8

Hemispherical mesh of air and explosive model used in the coupled
section.

The *CONSTRAINED_LAGRANGIAN_IN_SOLID keyword described the
fluid-structure interaction (FSI) between the air, explosive and lower extremity model.
This keyword provided a couple-mechanism, which generated forces to resist penetration
of the ALE material through the lagrangian parts. The explosive was detonated 200 mm
from the bottom surface of the foot. We based the decision to place the explosive 200
mm from the bottom surface of foot on previously used distance [47]. The other essential
keywords essential for the CEL model have been previously addressed in the air-blast
section. The analysis was once again simulated for a total of 5 ms.
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Figure 9

Cross sectional view of CEL mesh model used in LS-DYNA and
ABAQUS.

ABAQUS
We implemented the same method used in LS-DYNA to get the air-explosive
hemispherical mesh model for ABAQUS. The lower extremity was modeled as a
lagrangian part, while the air and explosive parts were modeled using the eulerian
formulation. The previous method of converting an LS-DYNA file into an ABAQUS
input file was not feasible in this case because both programs employ different methods
for modeling the interaction between eulerian and lagrangian elements. In LS-DYNA, the
eulerian and lagrangian elements can occupy the same mesh space, while in ABAQUS
three dimensional lagrangian elements are restricted from occupying the same space as
the eulerian material instance [45].
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To setup the CEL model in ABAQUS, we used the volume fraction tool to
initialize the lower extremity inside a void section of the air. This process involved
exporting a stereo Lithography (stl) file of the lower extremity from Simpleware,
uploading this file into LS-DYNA, and then creating a shell model of the lower
extremity. HyperMesh then converted the shell input file from LS-DYNA into an
ABAQUS input file. We used this shell model of the extremity to create the void in the
air model. The continuum elements of the lower extremity were not used to initialize the
void, because they failed to meet necessary requirements. Also severe limitations on
orphan meshes modification in ABAQUS prevented the shell elements from being
generated directly in it. The contact between the eulerian and lagrangian model were
modeled with the aid of the general contact type formulation available in ABAQUS. This
contact algorithm is a simple and robust method that allows for a highly automated
contact definition [45].
Due to complications during simulation, the lower extremity was replaced with a
box to ensure the CEL model was accurately setup. The box used was approximately the
size of the leg and was given the material property of bone.

Figure 10

Relative box size used for the test simulation is outlined in black,
encompassing the lower extremity.
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Uncoupled Model
In this section, we examine other procedures for applying blast loads in both LSDYNA and ABAQUS. First, a planar load is applied to the bottom surface of the lower
extremity, then the incident wave formulation in ABAQUS is examined. These methods
are not only simpler, but they also reduce the modeling effort, computational cost, time
and memory required to model the simulation.
Applied Pressure Load
In this section, we obtained and averaged the pressure-time history over the
bottom surface of the lower extremity in the coupled case simulation conducted in LSDYNA. We then applied this pressure directly onto the bottom surface of the lower
extremity in both ABAQUS and LS-DYNA as a boundary condition.

Figure 11

Area in red highlights the bottom surface of the lower extremity where the
blast load was applied.

Incident Wave Formulation:
The incident wave formulation in ABAQUS provides a simple means of applying
an external source such as a shock load to a structure in ABAQUS. For weakly coupled
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or uncoupled structural system such as in an air-blast analysis, the incident wave can be
defined independent of an acoustic mesh [45]. This further simplifies the model and
supplies a convenient way of applying an air-blast load on a structure without modeling
the transmitting medium.
In this section, we implement a spherical incident wave loading, which
corresponds to a free air blast loading. For the boundary condition, we procured a
pressure-time history from the LS-DYNA air-blast simulation. The pressure-time history
obtained was located 100 mm from the point of detonation, and then uploaded into
ABAQUS in an x-y data format. We specified the source point (or detonation point ) in
the model to be 200 mm from the bottom surface of the lower extremity, similar to the
distance used in the coupled simulation. The standoff point (location were the pressure
history was applied) was located 100 mm from the source point (which was also 100 mm
from the bottom surface of the lower extremity). Although the acoustic medium was not
modeled, its material properties (speed of sound and density) were needed parameters.
Since the transmitting medium chosen was air, the speed of sound was specified as 340
mm/ms, and its density as 1.23 kg/mm3.
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Figure 12

Schematic of incident wave formulation, where RP-1 represents the source
point, and RP-2 represents the standoff point.

To further examine the incident wave formulation, we used it to simulate an airblast model similar to the free-air blast study previously conducted in the first section of
this thesis. We obtained a pressure history from the free air-blast study with LS-DYNA.
This pressure was the same used in incident wave formulation involving the lower
extremity – it was obtained 100 mm from the detonation point of the free air-blast. We
used the same hemispherical mesh model from the coupled section and converted all the
elements to the acoustic element type AC3D8R. We placed the source point 92 cm from
the air mesh, and the standoff point 100 mm from the source point. This was done in
order to model the same blast condition as those conducted free air-blast section, and to
enable comparison among the different methods.
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CHAPTER IV
RESULT

Air-blast

Figure 13

Pressure plot contour of free air-blast conducted in LSDYNA

The figure above is an example of pressure contour of free air-blast of 100 g of C4, taken from the LS-DYNA simulation. The plot shows the progression of the blast wave
propagation through different time steps (150 µs, 350 µs, and 1050 µs). The pressure
scale shown on the fringe plot is given in units of Mbar.
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Figure 14

Air-blast mesh refinement study conducted in LS-DYNA

Figure 14 displays the pressure-time history of the mesh refinement study
performed on the air-blast model in LS-DYNA. The pressure histories compared were all
obtained 92 cm from the detonation point of the C-4 (the center). The first model of the
study consists of 22113 elements. This model had a peak over-pressure of 2.19E-04 GPa
with a CPU time of 8756 s. Increasing the number of elements to 41796 caused the CPU
time and the peak overpressure to increase to 19755 s and 2.43E-04 GPa respectively.
Further increasing the number of elements to 97686, more than doubled the CPU time
and increased the peak overpressure by about 10% to 2.66E-4 GPa. In the final
refinement step, increasing the number of elements in the model to 220725 (almost three
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times its previous count) caused an increase in the computational time, but did not
produce a change in the value of the peak over-pressure.

Figure 15

Pressure-time histories from air-blast simulations conducted in CTH,
ABAQUS, and, LS-DYNA, and compared to experimental data from Alia
and Souli

Note: Time has been normalized in the graph for better comparison.
Figure 15 compares the pressure-time histories of the simulations obtained 92 cm
from detonation point of 100 g of C-4. The peak over pressure recorded for the
experiment, was 2.96E-4 GPa. The peak over pressure measured from ABAQUS
simulation was 2.80E-4 GPa. This value is only 5.48% different from the experimental
value, and was therefore the closest in value to the experimental value. The peak over
pressure from LS-DYNA was 2.66E-4 GPa, and the peak pressure from CTH was 2.48E41

4 GPa. Table 5 below summarizes the peak over pressure values of each method and the
percent difference calculated using Equation 4.1 seen below.

(17)
Table 5

Peak overpressure and percent difference of air-blast methods.
Methods

Peak Over- Pressure (GPa)

% Difference

Experiment

2.96E-04

N/A

CTH

2.48E-04

17.85

LS-DYNA

2.66E-04

10.75

ABAQUS

2.80E-04

5.48
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Figure 16

Impulse from air-blast simulations in CTH, LS-DYNA, and ABAQUS,
compared to experimental data from Alia and Souli 2006.

The figure above compares the impulse data calculated from the pressure-time
history plot (Figure 16). The impulses were generated by 100 g of C-4 located 92 cm
away. Similar to the peak over pressure graph, the impulse graph was normalized for
time. The impulse data displayed a similar trend observed in the pressure history graph.
The result from the experiment most closely corresponded to the result from the
ABAQUS simulation with only a 0.19% difference in value. The table below summarizes
the values from Figure 16.
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Table 6

Summary of impulse values and percent difference calculations.
Method
Experiment
ABAQUS
LS‐DYNA
CTH

Impulse (Gpa‐ms)
3.522E‐05
3.515E‐05
3.537E‐05
3.240E‐05

% Difference
N/A
1.891E‐01
4.307E‐01
8.344E+00

Coupled Methods

Figure 17

Pressure contour in air material of coupled technique in LS-DYNA at three
different times.

Unit of time is given in ms, while pressure is in GPa.

Figure 18

Pressure contour in bone using the coupled technique in LS-DYNA at three
different times.

Unit of time is given in ms, while pressure is in GPa.
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Figure 19

Pressure-time history boundary value comparison of coupled simulation,
compared to air-blast simulation

Figure 19 compares the boundary values of the coupled simulations to the airblast simulation. For all three cases, we obtained the pressure-time history 100 mm away
from the detonation point of the explosive. The graph shows the peak overpressure of the
air-blast and coupled model simulation from LS-DYNA overlap in the graph. However,
the coupled simulation with the test box in ABAQUS has a lower peak overpressure
value. For the second peak value, which occurs just prior to 1 ms, the air-blast pressure is
greater than both values in coupled models. The precise peak values for all the three
simulations are tabulated below.
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Table 7

Summary of peak pressures values

Methods
Air‐blast:LS‐DYNA
Coupled: LS‐DYNA
Coupled: ABAQUS

1st Peak
Pressure (GPa)
1.077E‐03
1.078E‐03
9.810E‐04

2nd Peak
Pressure (GPa)
1.019E‐04
2.047E‐04
2.050E‐04

Uncoupled Methods

Figure 20

Pressure contour in bone using the incident wave formulation in ABAQUS
at three different times.

Unit of time is in ms, while pressure is in GPa.
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Figure 21

Comparison of boundary value at the bottom surface of the lower extremity
for coupled and uncoupled cases.

Figure 21 show the average pressure-time history obtained from the bottom
surface of the lower extremity for the different blast methods implemented. In the figure
above the boundary value from the uncoupled cases are compared to the coupled case in
LS-DYNA. The pressure from the LS-DYNA coupled case has the highest a value with a
peak pressure of 6.55E-4GPa. The next highest values were the uncoupled simulations
from LS-DYNA and ABAQUS where the pressure was applied directly to the bottom
surface of the lower extremity. They had peak values of 4.67E-4 GPa and 4.62E-4 GPa
respectively. Lastly was the pressure from the incident wave simulation in ABAQUS. It
had a peak value of 8.00E-5 GPa.
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The following set of three graphs (Figures 22, 23, 24) document the material
response of the bone, muscle and skin based on the technique used to apply the blast load.
From the graphs it is evident that the coupled technique exerted higher pressure on the
lower extremity.

Figure 22

Response of bone element to blast loads applied using both coupled and
uncoupled techniques.
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Figure 23

Response of muscle element to blast loads applied using both coupled and
uncoupled techniques.
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Figure 24

Response of skin element to blast loads applied using both coupled and
uncoupled techniques.

Figure 25 below compares the incident wave air-blast simulation to the pressure
history of the previous air-blast studies conducted. The pressure histories being compared
were all attained 92 cm from their detonation points. The peak overpressure of the
incident wave was 1.588E-04 GPa, which is a about 60 % difference compared to the
experimental value.
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Figure 25

Air-blast pressure-time history comparisons with the inclusion of incident
wave air-blast formulation.
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CHAPTER V
DISCUSSION

Free Air-blast
The convergence study performed in LS-DYNA indicates the solution had
converged by 97686 elements. There was very little variation in result when compared to
the 220725 element, which had almost three times the amount of elements and took
almost twice as long to complete. For this reason, the 97686-element model was used
when creating the hemisphere in the coupled simulation. Although the mesh used in
ABAQUS and LS-DYNA were identical, extra elements had to be added to the
ABAQUS air mesh to extend it from 200 cm radius to 400 cm radius. At 200 cm radius,
the ABAQUS model experienced reflections at the boundary, despite the having nonreflective boundary condition placed on its outside surface. We observed a similar
occurrence in the CTH model when we chose to use a 200 cm radius for the air geometry.
This indicates that LS-DYNA has a superior algorithm for dispersing material at its
boundary compared to CTH and ABAQUS codes, thus resulting in less memory and time
consumption.
The results from the air-blast simulation using JWL EOS were similar for all the
codes. This proved that the right blast conditions had been set-up in all three codes.
ABAQUS however had the closest values to the experimental data, both in terms of its
peak over pressure and its impulse. On the opposite end, CTH had the lowest correlation
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with the experimental value. Its peak overpressure and impulse were both over 10% less
than the experimental values. This could be the result of using the SESAME table to
model the surrounding air instead of the ideal gas EOS. We opted to use this parameter
because it is supposed to be a better approximation for the thermodynamic properties of
air. Similar to the observation made by Wang et al [28] in their simulation of a landmine
explosion using LS-DYNA, the LS-DYNA under predicted the overpressure of the blast
wave.
Coupled
We chose the 97686-element model from the refinement study to model the
hemisphere air-explosive in the coupled simulation because it saved on computational
time and memory without compromising the accuracy of the model. The similarities
between the pressure-time histories compared in Figure 14 confirms that the coupled
models in both LS-DYNA and ABAQUS were accurately set up. We placed the lower
extremity models 200 mm from the detonation point, which was one of the distances
studied by Mah et al [48]. According to their report, at that distance they did not observe
severe injuries (no outward laceration of the skin). This implied that we could avoid
excessive deformation in the lower extremity model at that distance. Avoid this was
necessary because it resulted in a premature termination of the simulation. Even at that
distance the ERODE function had to be turned on in LS-DYNA, to prevent the
simulation failure due to negative volume or excessive distortion in mesh.
Simulating the coupled case in ABAQUS was a more complex process compared
to the LS-DYNA setup. The model ran for a lengthy period, but only completed a few
time-steps before prematurely terminating. The contact definition involving the lower
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extremity was suspected to be the cause of the premature termination of the simulation.
For this reason, we replaced the lower extremity with a box to test if CEL code was
accurately setup. The successfully completion of the CEL simulation with the test box
indicated that the CEL was correctly setup. The second test done was to delete defective
elements in the lower extremity using the damage model available under the section
control keyword. This method proved futile as the simulation still terminated before
completion. This led us to conclude that our hypothesis, stating the contact algorithm as
the source of error in our model, might be accurate. Mougeotte et al [32] experienced a
similar problem, when simulating a CEL model in ABAQUS, and they proposed a
similar hypothesis. However, they failed to take any actions to conclude if contact issues
were indeed responsible for their dilemma. For this model, contact incompatibility might
have increased during the creation of shell elements used in the CEL model. Modifying
the lower extremity mesh to eliminate poorly meshed elements and simplifying the
contact definition between the different sections in the lower extremity might help reduce
the need to preprocess the CEL model using multiple software packages. Additionally, it
might assist in simplifying the CEL model and alleviating the current contact problem.
Uncoupled
Both LS-DYNA and ABAQUS exhibited the same patterns for the planar
boundary condition applied to the bottom surface of the foot. In both cases, the pressure
measured at the bottom surface of the foot was less than pressure measured from the LSDYNA coupled section. We can also see the different responses in the different materials
of the lower extremity compared to the coupled case. This suggests that application of the
blast load as a planar load does not provide a sufficient means of examining blast
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interactions with structures. It fails to take into account the loads applied on the sides of
the lower extremity and the interactions that occur between the air and lower extremity.
The incident wave formulation in ABAQUS gave the least accurate result of all
the uncoupled methods. The pressure applied to the bottom surface of the lower extremity
using this method was significantly less than the pressure when the explosive was
explicitly modeled. This result was expected as the incident wave formulation is an
analytically solution to the 1-D linear wave equations. It is therefore not valid for shock
waves, which are governed by nonlinear wave equations [49].
Limitation and Issues
One limitation of this thesis was in the different element formulations used to
model the blast problem. Optimally, the ALE formulation, which combines the strength
of both lagrangian and eulerian method would be the preferable method. This was not
possible because of inherent limitations of the software. Although ALE capabilities are
currently available in ABAQUS, they are unable to handle multi-materials like in LSDYNA. The multi-material feature is a requirement for the air and explosive materials to
be able to interact with each other. Without this feature, the interface between the
explosive and air undergoes considerable deformation, thereby prematurely terminating
the simulation. CTH, on the other hand offers only the eulerian element formulation.
All LS-DYNA and ABAQUS simulations were run using double precision and
parallel versions on linux cluster. We used 48 processors to run the air-blast simulations.
However, 192 processors were used to run coupled simulations. We initial tried using up
to 128 processors, but that was unsuccessful due to insufficient memory allocation. When
using 192 processors to run the LS-DYNA coupled simulation, the memory allocation
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had to be decomposed using the keywords memory1 and memory2 for the simulation to
run successfully. The explicit decomposition of the memory is useful when running the
MPI version of LS-DYNA. This was not the case for ABAQUS. ABAQUS was able to
automatically allocated sufficient memory for the simulation without any keywords used.
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CHAPTER VI
FURTHER WORK AND CONCLUSION

Conclusion
This thesis successfully examined several techniques of applying blast loads using
LS-DYNA, ABAQUS and CTH. We showed that similar technique using the different
codes produced similar results. This was observed in the case of the free air-blast
simulations using JWL EOS. All three codes produced similar results, and had strong
correlations with the experimental data.
However, we observed differing results when comparing different technique.
Explicitly modeling the blast explosion consistently produced significantly higher
pressures in the lower extremity. Whereas simpler techniques failed to adequately capture
the blast effect. Therefore, emphasis should be placed not on the type of software used,
but on the type of method implemented.
Further Work
Constitutive models, which accurately describe the material properties of the
lower extremity needs to be developed. Additionally, the blast models should be
expanded the model to incorporate other factors involved in blast explosions, such as
ground effects (sand, soil), and boots models. Finally improving the mesh quality of the
lower extremity will be beneficial. This will provide more accurate and dependable
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result, while eliminating contact algorithm failure and excessive deformation of poorly
meshed elements.
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